Bioactive compounds from citrus fruits contribute many benefits to human health. Extracellular signal-regulated kinase (ERK) signaling plays an important role in the regulation of multiple cellular processes. Activation of the ERK-cAMP response element binding protein (CREB) signaling is required for longterm memory formation. In this study, auraptene, phellopterin, thymol, coniferyl alcohol 9-methyl ether and methyl ferulate were isolated from Citrus junos. Among the five compounds isolated, auraptene and phellopterin increased the phosphorylation of ERK and CREB. This study provides, to our knowledge, the first evidence that phellopterin potently stimulates the phosphorylation of ERK and CREB. Phellopterin could be a novel neuroprotective agent.
Citrus fruits are among the most popular in the world. Citrus species are industrially processed on a large scale, mainly for juice. The juicing process creates many by-products, including citrus peel. In Asia, citrus peel is used in traditional medicine for specific health support. Citrus peel contains various bioactive compounds, such as vitamins, flavonoids, carotenoids, terpenoids and coumarins. Nobiletin, a citrus flavonoid, has anti-inflammatory [1] , anti-cancer [2] and neuroprotective effects [3] . Auraptene, a citrus terpenoid coumarin, has valuable effects on various biological functions in the peripheral tissues, including anti-inflammatory [4] , anticarcinogenic [5] , and anti-helicobacter activities [6] , regulatory activity on hepatic lipid metabolism [7] , and the ability to promote neurite outgrowth [8] . Phellopterin, a citrus furanocoumarins, is a partial agonist of the central benzodiazepine receptors in vitro [9] .
Extracellular signal-regulated kinase (ERK) plays an important role in regulating cell growth, differentiation, apoptosis, and cellular responses to stress [10] . Activation of the ERK-cAMP response element binding protein (CREB) signal pathway is required for long-term memory formation [11] . Some antidepressants activate the ERK-CREB signal pathway in glial cells, and increase glial cell line-derived neurotrophic factor (GDNF) production [12] . Therapeutic GDNF administration has raised expectations that it could be either a preventive or palliative treatment for Parkinson's disease [13] , amyotrophic lateral sclerosis [14] and Huntington's disease [15] . Therefore, compounds activating the phosphorylation of ERK and CREB are potential neuroprotective agents. It was reported that nobiletin and auraptene activated phosphorylation of ERK and CREB [3a,8] . Recently, 3, 5, 6, 7, 8, 3', 4 '-heptamethoxyflavone was isolated from Citrus grandis as an activator of ERK [16] .
In this study, we isolated compounds from C. junos that activated the phosphorylation of ERK; the isolated compounds were screened for their ability to stimulate the phosphorylation of ERK and CREB.
The peels of eight Citrus species were extracted with MeOH. These MeOH extracts were screened by assaying their ability to stimulate the phosphorylation of ERK in cultured A172 human glioblastoma cells as a model of glial cells, using Western blot analysis. The extracts of C. junos and C. maxima exerted greater stimulation of the phosphorylation of ERK than the others (Figure 1 ). Easily obtainable C. junos was selected as the material for this study. The isolation process of the activators of ERK from C. junos peel is summarized in Figure 2 . The peel was extracted with MeOH; the extract was reduced to the aq. phase, and partitioned successively with n-hexane, ethyl acetate and n-BuOH. These fractions, at a concentration of 100 g/mL, were screened for their activity in stimulating phosphorylation of ERK in cultured A172 cells, using Western blot analysis (Supplementary Figure S1 ). Nobiletin was used as a positive control. The n-hexane fraction exerted greater stimulation of the phosphorylation of ERK than the other fractions, and the AcOEt fraction inhibited the phosphorylation of ERK. The active hexane fraction was subjected to silicagel column chromatography for 11 fractions. Fractions 1, 2, 3, 4 and 5 reproducibly stimulated the phosphorylation (Supplementary Figure  S1 ). Purifications of fractions 2, 3 and 5 were performed by silica gel TLC, affording thymol, auraptene and phellopterin, respectively. Fraction 4 was also purified by TLC, to give auraptene. Furthermore, fraction 5 was chromatographed over silica gel, and then subjected to reverse-phase HPLC with 58% methanol in water. From the two larger peaks, coniferyl alcohol 9methyl ether and methyl ferulate were isolated. Fraction 1 could not be purified by preparative TLC, and was, therefore, analyzed by GC-MS, which revealed a complex mixture, thus, the structures of the active compounds were unidentified (data not shown). The structures of five compounds isolated were determined by comparison with spectral data reported in the literature [17] .
The five compounds (Figure 3 ) were screened for their ability to stimulate the phosphorylation of ERK and CREB in cultured A172 cells, using Western blot analysis ( Figure 4 ). Nobiletin, auraptene and phellopterin showed ERK activation at a concentration of 10 M. Thymol, coniferyl alcohol 9-methyl ether and methyl ferulate exhibited no significant differences from that of the blank. Auraptene was the main activator of ERK in fractions 3 and 4, and phellopterin in fraction 5. Thymol, which did not show ERK and CREB activation, was purified as the major compound from fraction 2, but active compounds resulting from purification of fraction 2 were not found in this study. To our knowledge, this is the first report of phellopterin stimulating phosphorylation of ERK and CREB. Nobiletin was not isolated from C. junos in this study, but has been reported as having a ubiquitous distribution among the peels of all Citrus species, except C. junos [18] .
The active compounds, auraptene and phellopterin, have a coumarin ring. These results suggest that a coumarin ring is one of the important structure for ERK activation. Nobiletin potentiates the cAMP/PKA/ERK/CREB signaling pathway and exerts its neurotrophic action by facilitating this intracellular signaling cascade [19] . Although the detailed mechanism is unclear, auraptene could activate ERK/CREB via a MEK-dependent and PKA-independent pathway [8] . The mode of action of phellopterin might be same as that of auraptene, having a coumarin ring.
Nobiletin has a demonstrated positive effect in rescuing memory deterioration in the Alzheimer's disease rat model [3a] and olfactory-bulbectomized mice, as well as improved prevention of Auraptene had the ability to induce neurite outgrowth from PC12 cells [8] . These neuroprotective effects in the central nervous system were shown by activating phosphorylation of ERK and CREB. It is thought that phellopterin, which has ERK and CREB activation activity, shows these neuroprotective effects.
In conclusion, auraptene, phellopterin, thymol, coniferyl alcohol 9methyl ether and methyl ferulate were isolated from C. junos. Auraptene and phellopterin increased the phosphorylation of ERK and CREB. These compounds could be neuroprotective agents.
Experimental
General: 1 H NMR spectra were recorded on a JEOL JNM-ECS400 (400 MHz) spectrometer. Chemical shifts are reported in parts per million (δ) downfield from tetramethylsilane (TMS). The mass spectra were acquired using a XEVO Q-TOF MS System (Waters Japan, Tokyo, Japan). C. junos, C. maxima, C. limon, C. sudachi, and C. unshiu were collected in Tokushima, Japan, C. hassaku in Kagawa, Japan, C. japonica fortunella in Kagoshima, Japan, and C. natsudaidai in Wakayama, Japan. Anti-phospho-ERK, anti-CREB and anti-phospho-CREB antibodies were purchased from Cell Signaling Technology (Beverly, MA), and anti-ERK antibody from Santa Cruz Biotechnology (Santa Cruz, CA).
Cell culture: A172 (human glioblastoma) cells were cultured in high-glucose DMEM supplemented with 10% FBS in a CO 2 incubator (5% CO 2 ) at 37°C. Cell extract preparations and Western blot analysis: Cells were plated on 24 well plates at a cell density of 4 x 10 4 cells per well and cultured for 24 h. The cells were subjected to treatment with chemical agents for 30 min. Nobiletin was used as a positive control. Cells were lysed in RIPA buffer, and the lysate was subjected to 10% SDS-polyacrylamide gel electrophoresis for 1 h at 60 mA. The separated proteins were transferred to a Polyvinylidene difluoride membrane (Millipore) for 30 min at 60 mA using a semidry blotting system. The blotted membrane was blocked in TBS-T buffer (100 mM NaCl, 0.05% Tween 20, 10 mM Tris-HCl, pH 7.5) containing 3% skim milk (Megmilk Snow Brand Co., Hokkaido, Japan) for 1 h at room temperature. The membrane was incubated with either anti-phospho-ERK (1:2,000) or anti-phospho-CREB (1:2,000), anti-ERK (1:5,000) antibodies in Can Get Signal immunostain solution A (Toyobo, Tokyo, Japan) overnight at 4°C, and either horseradish peroxidase-conjugated anti-rabbit IgG or anti-mouse IgG (1:10,000, Promega, Madison, WI, USA) in TBS-T buffer for 1 h at room temperature. The membranes were washed and images developed with Luminol Reagent (1.25 mM luminol, 0.2 mM coumaric acid, 0.01% H 2 O 2 and 0.1 M Tris-HCl pH8.5) and visualized on medical X-ray film (Fujifilm).
ERK activation of MeOH extracts of Citrus peels:
The peels of citrus fruits (C. junos, C. maxima, C. limon, C. hassaku, C. japonica fortunella, C. natsudaidai, C. sudachi, C. unshiu, each 10 g) were extracted with MeOH (30 mL) at r.t. for 7 days, respectively. Each MeOH extract was diluted 10 times. The cells were treated with diluted MeOH extract (0.5 L) in medium (500 L) for 30 min, and then analyzed by Western blot analysis.
Extraction and isolation of ERK activated compounds:
The peel of C. junos (dry weight, 20 kg) was extracted with MeOH (30 L) at r.t. for 7 days. After filtration, the filtrate was reduced to the aq. phase (10 L), and 100 ml was extracted with n-hexane, ethyl acetate and n-BuOH (each 100 ml). The cells were treated with 100 μg/mL of each extract for 30 min, and then analyzed by Western blot analysis.
The MeOH extract (9.9 L) was extracted with n-hexane (10 L), and then ethyl acetate (10 L). The n-hexane soluble fraction (2.8 g) was applied to a silica gel column (Merck) and eluted with n-hexaneethyl acetate (10%, 15%, 20%, 25%, 30%, 40%, 60%, 80%, 100%) and MeOH (each 200 mL). These fractions were monitored by TLC (compounds visualized by UV light and heating silica gel plates sprayed by molybdatophosphoric acid solution), and divided into 11 fractions. The cells were treated with 10 μg/mL of each extract for 30 min, and then the cell extracts were analyzed by Western blot analysis.
Fraction 2 (20.5 mg, 10% and 15% n-hexane-ethyl acetate fraction) was purified by preparative TLC (acetone : n-hexane = 1 : 10), to give thymol (2.3 mg). Fraction 3 (10.9 mg, 15% and 20% nhexane-ethyl acetate fraction) was purified by preparative TLC (CHCl 3 : n-hexane = 1 : 1) to give auraptene (3.3 mg). Fraction 4 (10.3 mg, 20% n-hexane-ethyl acetate fraction) was purified by preparative TLC (1% MeOH/CH 3 Cl) to give auraptene (1.0 mg). Fraction 5 (38.6 mg, 30% n-hexane-ethyl acetate fraction) was purified by preparative TLC (1% MeOH/ CHCl 3 ) to give phellopterin (13.4 mg). Fraction 5 (86.3 mg) was chromatographed over silica gel eluted with CHCl 3 , to obtain a crude sample (37.3 mg). This was subjected to reversed-phase HPLC using an ODS column (58% MeOH, 20 X 250 mm, 5C18-AR-II, Nacalai tesque), to obtain coniferyl alcohol 9-methyl ether (1.0 mg) and methyl ferulate (1.0 mg). Coniferyl alcohol 9-methyl ether and methyl ferulate were eluted at 15 and 17 min, respectively. The structures of these compounds were determined by comparison with spectral data reported in the literature [17] .
Supplementary data:
The details of the compounds isolated and Western blotting analysis of the fractions of the isolation process on ERK activation of A172 cells.
